Racial and ethnic differences in associations between socioeconomic position (SEP) and risk of childhood acute lymphoblastic leukemia (ALL) were investigated using data from population-based cancer registries in the Surveillance, Epidemiology, and End Results Program in the United States. The study included 8,383 ALL cases diagnosed at age ≤19 years in 2000-2010. Census tract-level composite SEP index in quintiles was assigned based on residence at the time of diagnosis. Incidence rate ratios and 95% confidence intervals associated with SEP and race/ethnicity, adjusted for sex, age, and year of diagnosis, were estimated using Poisson regression models. The incidence rate of childhood ALL was negatively associated with SEP among Hispanics but was positively associated among children of other races/ethnicities. As compared with the lowest SEP, the adjusted incidence rate ratios for children with the highest SEP were 1.29 (95% confidence interval (CI): 1.15, 1.44) for non-Hispanic whites, 1.67 (95% CI: 1.20, 2.34) for non-Hispanic blacks, 1.57 (95% CI: 1.17, 2.09) for Asians/Pacific Islanders, 2.33 (95% CI: 0.93, 5.83) for American Indians/Alaska Natives, and 0.70 (95% CI: 0.60, 0.81) for Hispanics. The findings of a reverse association in Hispanics need to be confirmed and further explained in future studies using different measures of SEP.
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Acute lymphoblastic leukemia (ALL) is the most common childhood cancer in the United States, with an annual incidence of approximately 3-4 cases per 100,000 children under age 20 years (1) . Although treatment improvements have changed childhood ALL from a highly fatal cancer before the 1960s to a disease with about a 90% 5-year survival probability in the late 2000s (2, 3) , the etiology of the disease remains largely enigmatic. Moreover, the incidence of childhood ALL has been reported to have increased in the United States (3) .
Affluent countries usually have a higher incidence of childhood ALL than less affluent countries (4-6). Several recordbased studies carried out in the 1980s suggested a positive association between socioeconomic position (SEP) and risk of childhood ALL (7) . These findings have led to speculation about several potential etiological factors for childhood ALL related to affluent lifestyles. There are 2 commonly recognized hypotheses for the etiology of ALL. One is Greave's "delayed infection" hypothesis, which postulates that absence or diminution of infections early in life will cause uncontrolled immune responses to later infections and indirectly promote the malignancy (8) . Another is Kinlen's "population mixing" hypothesis, which indicates that certain infectious agent(s) are responsible for the disease. Marked influxes of people into rural areas, where there is a higher proportion people who would not have been exposed to the infectious agent, will promote contacts between infected and susceptible persons and increase risk of ALL among susceptible individuals (9) .
Several more recent studies have found a negative association between SEP and risk of ALL (10) , however, raising a question about whether there has been a change in the relationship between SEP and risk of ALL over time. Because the more recent studies were all case-control studies involving interviews or questionnaires, the negative association might also be due to control selection bias (10) . In a United Kingdom record-based study, Kroll et al. (11) examined the association longitudinally over 3 decades and found persistent evidence of higher incidence in more affluent communities. Record-based studies using data on US children are needed to quantify the association between SEP and risk of ALL in the recent periods. In one US study, Pan et al. (12) also reported that poor counties in the United States have higher incidence rates of leukemia than affluent counties among whites but lower rates among blacks, indicating potential racial and ethnic differences in the relationship between SEP and risk of leukemia.
In the current study, we investigated the relationship between census tract-level SEP and the incidence rate of childhood ALL using US population-based cancer registry data for the years 2000-2010. Differences in associations between SEP and risk of ALL among non-Hispanic (NH) whites, NH blacks, Hispanics, Asians/Pacific Islanders (APIs), and American Indians/ Alaska Natives (AIANs) were evaluated. In addition, potential etiological hypotheses are discussed in explaining the results.
METHODS

Study population
Cases of first primary malignant ALL among children aged ≤19 years diagnosed during the years 2000-2010 were ascertained on the basis of data from the Surveillance, Epidemiology, and End Results (SEER) Program of the National Cancer Institute. This study included cases diagnosed in the 16 cancer registry areas, covering approximately 26% of the US population (13) ; the Alaska Native Tumor Registry and the Louisiana Tumor Registry were excluded because census tract-level SEP information was unavailable from these 2 registries (14) . ALL cases were ascertained according to the International Classification of Diseases for Oncology, Third Edition (15) .
The population-counts data for 2010, stratified by single calendar year, sex, age, race, Hispanic origin, and census tract, which were estimated using Woods and Poole census tract estimates linked to US Census 2000 data (16), were obtained by request from the SEER custom database.
Sociodemographic factors
Data on race and Hispanic ethnicity in SEER registries are generally derived from information abstracted from patients' medical records and are mainly based on self-report or caregiver report, but they may be based on medical staff observation (17) . Hispanic identification was additionally enhanced using the North American Association for Central Cancer Registries Hispanic-Latino identification algorithm (18) , which is based on surname and birthplace. A person of Cuban, Mexican, Puerto Rican, South or Central American, or other Spanish culture or origin, regardless of race, will be defined as a Hispanic (18) . Mutually exclusive racial and ethnic categories were defined as Hispanic, NH white, NH black, API, or AIAN. Age at diagnosis was categorized into 5 categories (<1, 1-4, 5-9, 10-14, or 15-19 years).
SEP was assessed using a census tract-level composite SEP index developed by SEER (14) using principalcomponents analysis on SEP measures identified by Yost et al. (19) . The SEP index captures 7 aspects of SEP, including proportion of the population that is working-class; proportion of persons over age 16 years who are unemployed; proportion of persons below 150% of the federal poverty line; median household income; education index; median house value; and median cost to rent a residence. Census tracts in the United States, which are designed to be relatively homogeneous units with respect to population characteristics, economic status, and living conditions, have an average population of approximately 4,000 (20). Cases were mapped to their year 2000 census tract of residence based on their address at the time of diagnosis. An SEP index was assigned to each census tract, and index scores were categorized into quintiles across the SEER regions. An "unknown" category of SEP was assigned to census tracts with missing information on 1 or more measures (0.68% of the census tracts) (14) .
Statistical analyses
Crude incidence rates of ALL by SEP, sex, and age within each racial/ethnic group were calculated. Incidence rate ratios (IRRs) and their 95% confidence intervals, comparing each SEP quintile with the lowest SEP quintile within each racial/ ethnic group, adjusting for sex, age, and year of diagnosis, were estimated using multivariable Poisson regression models with the log population counts as the offset term. Tests of a linear trend in the SEP-ALL association were performed by treating the SEP variable as continous in the models. The association between SEP and ALL within each racial/ethnic group was further investigated through analyses stratified by age at diagnosis and by sex. Two-sided P values are reported, and those less than 0.05 were considered statistically significant. SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina) was used for all statistical analyses, and R, version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria) was used for producing graphs.
RESULTS
A total of 8,383 children diagnosed with ALL during the years 2000-2010 in the 16 registries of the SEER Program were identified. Among them, there were 46.7% NH whites, 38.9% Hispanics, 7.5% APIs, 6.2% NH blacks, and 0.8% AIANs. More details about the ALL case distributions and population distributions by race/ethnicity, sex, age, and SEP are shown in Web Tables 1 and 2 (available at http://aje. oxfordjournals.org/), respectively. Crude incidence rates of ALL by race/ethnicity, sex, age, and SEP are shown in Table 1 . Overall, approximately 3-4 US children per 100,000 population were diagnosed with ALL. Among them, Hispanics had the highest incidence rate (incidence rate = 4.55 per 100,000, 95% confidence interval (CI): 4.40, 4.71), and NH blacks had the lowest (incidence rate = 1.70 per 100,000, 95% CI: 1.56, 1.85). NH whites, APIs, and AIANs had similar incidence rates of about 3 cases per 100,000 population. Boys were more likely to have ALL than girls. The incidence rates of ALL peaked at age 1-4 years, with over 8 cases per 100,000 population among NH whites and Hispanics, around 7 cases per 100,000 population among APIs and AIANs, and about 3 cases per 100,000 among NH blacks. After adjustment for sex, age, year of diagnosis, and SEP, the adjusted IRRs for childhood ALL in relation to NH whites were 0.5 (95% CI: 0.5, 0.6; P < 0.001) for NH blacks, 1.3 (95% CI: 1.3, 1.4; P < 0.001) for Hispanics, 0.9 (95% CI: 0.8, 1.0; P = 0.08) for APIs, and 1.0 (95% CI: 0.8, 1.3; P = 0.87) for AIANs.
For all children combined, there appeared to be no difference in the crude (unadjusted) incidence rates of ALL across SEP quintiles. However, NH whites, NH blacks, APIs, and AIANs of higher SEP appeared to have a greater incidence of ALL than those of lower SEP. Comparing children of the lowest SEP with children of the highest SEP, the incidence rates increased from 2.81 cases to 3.60 cases, from 1.42 to 2.24 cases, from 2.24 to 3.65 cases, and from 2.18 to 4.88 cases per 100,000 among NH whites, NH blacks, APIs, and AIANs, respectively. In contrast, Hispanics of higher SEP had lower incidence of ALL than Hispanics of lower SEP: The crude incidence rate was reduced from 4.95 to 3.31 cases per 100,000 Hispanics, when the lowest SEP was compared with the highest.
Race/ethnicity-specific IRRs for the childhood ALL-SEP association obtained after adjustment for sex, age, and year of diagnosis are shown in Table 2 . The positive associations between SEP and the ALL incidence rate among NH blacks (P < 0.001), NH whites (P < 0.001), APIs (P < 0.001), and AIANs (P = 0.11) and the negative association in Hispanics (P < 0.001) remained after the adjustments. Comparing children with the highest SEP to those with the lowest, the adjusted IRRs were 1.29 (95% CI: 1.15, 1.44) for NH whites, 1.67 (95% CI: 1.20, 2.34) for NH blacks, 1.57 (95% CI: 1.17, 2.09) for APIs, 2.33 (95% CI: 0.93, 5.86) for AIANs, and 0.70 (95% CI: 0.60, 0.81) for Hispanics. Figure 1 and Web Table 3 show the crude incidence rates of childhood ALL by SEP, race/ethnicity, age, and sex. The incidence rates of ALL varied by SEP level in each age and sex group, but the magnitude of variations differed. Figure 2 shows the race/ethnicity-and age-specific IRRs for the association of ALL with SEP obtained after adjustment for sex and year of diagnosis. The negative association between b Empty cells indicate that there were fewer than 10 cases in that category. c SEP was assessed using a composite index developed by SEER (14) that captures 7 aspects of SEP, including proportion working-class, unemployment, poverty, household income, education, and housing. An SEP index was assigned to each census tract, and index scores were categorized into quintiles across the SEER regions.
SEP and the incidence rate of ALL was observed among Hispanics in all age groups except infants; moreover, the magnitude of the association increased with age: Comparing Hispanics with the highest SEP to those with the lowest, the In contrast, the magnitude of positive associations between SEP and the incidence rate of ALL among other racial/ethnic groups decreased with age. For NH blacks, the positive association between SEP and the ALL incidence rate was statistically significant among children aged 1-4 years (IRR = 1.99, 95% CI: 1.41, 2.82; trend-P < 0.001) and among children aged 5-9 years (IRR = 1.57, 95% CI: 1.10, 2.24; trend-P = 0.004), comparing the highest SEP with the lowest, but was marginally significant among children aged 10-14 and 15-19 years. For NH whites, statistically significant positive associations were found among children aged 1-4 years (trend-P < 0.001) and 5-9 years (trend-P = 0.017) only. Comparing NH whites with the highest SEP to those with the lowest, the adjusted IRRs were 1.53 (95% CI: 1.33, 1.75) for age 1-4 years and 1.20 (95% CI: 1.02, 1.41) for age 5-9 years. For APIs, the positive associations were statistically significant among children aged 1-4 years (trend-P < 0.001) and 5-9 years (trend-P = 0.003) and marginally significant among children aged 10-14 years (trend-P = 0.086).
DISCUSSION
The current study is, to our knowledge, the first study to have found an ethnic difference in the relationship between SEP and risk of childhood ALL in the United States. We observed a negative association between SEP and risk of childhood ALL among Hispanics, in contrast to the positive associations observed among NH whites, NH blacks, APIs, and AIANs.
The distinct pattern of relationship between SEP and risk of childhood ALL among US Hispanics agrees with several facts/evidence from previous studies. First, risk of childhood ALL varies significantly by country, with higher incidence being seen among developed countries (4). Nevertheless, the incidence of childhood ALL in Mexico is among the highest in the world (5, 6). Second, Pérez-Saldivar et al. (6) reported a negative correlation between the municipal human development indices (a composite statistic used to measure human development) of boroughs of Mexico City and incidence of ALL, which is consistent with the negative association among Hispanics in the current study. Third, day-care attendance, one of the most commonly used proxies for early immune stimulation, has been consistently suggested to be protective against the development of childhood ALL (21), providing evidence supporting the delayed infection hypothesis (8) . However, in the Northern California Childhood Leukemia Study, Kroll et al. (22) reported day-care attendance to be protective among NH whites, but no association was observed for Hispanics.
The positive associations between SEP and risk of ALL observed among the 4 racial/ethnic groups are consistent with several previous studies. A Canadian population-based study associated high neighborhood income with higher incidence of childhood leukemia (23) . In another record-based study from the United Kingdom, Kroll et al. (11) reported higher incidence among census wards with a lower deprivation index. The magnitude of the association was small in both studies, as well as for NH whites in the current study. However, 2 large population-based case-control studies c SEP was assessed using a composite index developed by SEER (14) that captures 7 aspects of SEP, including proportion working-class, unemployment, poverty, household income, education, and housing. An SEP index was assigned to each census tract, and index scores were categorized into quintiles across the SEER regions.
d Tests for a linear trend in the association between SEP and acute lymphoblastic leukemia were performed by treating the SEP variable as continous in the models. (14) that captures 7 aspects of SEP, including proportion working-class, unemployment, poverty, household income, education, and housing. An SEP index was assigned to each census tract, and index scores were categorized into quintiles across the SEER regions. Black columns, lowest SEP; white columns, low SEP; gray columns, medium SEP; columns with diagonal lines, high SEP; columns with cross-hatching, highest SEP. An absence of columns indicates that there were fewer than 10 cases in those categories. AIAN, American Indian/Alaska Native; API, Asian/Pacific Islander; NH, non-Hispanic.
from the United Kingdom (24) and Switzerland (25) both found no association between area-level SEP and risk of childhood leukemia. The different populations studied may be one potential reason for the inconsistent results. Moreover, negative associations between individual-level family income, mother's education, and father's education and risk of childhood leukemia were reported in case-control studies in North America (10) . Selection bias related to SEP in case-control studies and possible distinct associations between different SEP measures and risk of ALL have been discussed as potential reasons for the heterogeneous results. In a previous study using data from 17 cancer registries in the SEER Program, Pan et al. (12) reported higher incidence rates of leukemia in high-poverty counties among whites but in low-poverty counties among blacks, which seemed to be consistent with our findings for blacks but different from those for whites. This may be due to different race/ethnicity classifications. Because there are a few blacks of Hispanic origin, the NH blacks in the current study represented a population similar to that of the blacks in the previous study, and consistent results have been found. However, there is a larger proportion of whites who have a Hispanic origin; the observed negative association among whites in the previous study might have been driven by children of Hispanic origin. Moreover, ALL other than leukemia and census tractlevel SEP other than county-level poverty were investigated in the current study. Census tracts are smaller and more homogenous than counties, which can capture children's socioeconomic environment in a more precise manner.
The positive association between SEP and risk of childhood ALL supports Greave's delayed infection hypothesis (8) . Specifically, this hypothesis was proposed to explain the etiology of B-cell ALL, which has a peak incidence at age 1-4 years and a relative proportion that decreases with age. If the delayed infection hypothesis were to explain only the potential etiology of B-cell ALL but not T-cell ALL, we would expect the magnitude of positive associations to decrease over age, as has been observed in the current study. Variations by race in the magnitude of the positive association were also observed. Among cases diagnosed at age 1-4 years, the magnitude of the association was largest among AIANs, followed by NH blacks and APIs, and was smallest among NH whites. Underlying reasons for the different magnitudes of association should be examined.
The observed ethnic difference in the relationship between SEP and risk of ALL might be interpreted through the "infective lymphoid recovery" hypothesis along with genetic susceptibility to ALL. The hypothesis postulates that mild infections early in life prime the adaptive immune response, which would be protective against ALL, whereas later recurrent infections in childhood provide conditions for the accumulation of mutations necessary for the development of ALL, which would be risk-elevating for ALL (26) . The key components of childhood ALL risk may be: 1) the lack of early infections associated with higher SEP, which is the early component, and 2) the later recurrent infections associated with lower SEP, which is the later component. For children who are genetically predisposed to higher ALL risk, the early component may be less critical, and thus the SEP-ALL risk association will be mainly driven by the later component as being negative. On the other hand, in the absence of genetic predisposition, the early component may be important, and a positive association may be observed between SEP and risk. Indeed, with respect to known susceptibility loci for childhood ALL-including the AT-rich interactive domaincontaining protein 5B gene (ARID5B), the IKAROS family zinc finger 1 gene (IKZF1), the CCAAT/enhancer binding protein ε gene (CEBPE), the cyclin-dependent kinase inhibitor 2A gene (CDKN2A), and the B-cell-specific Moloney murine leukemia virus integration site 1-phosphatidylinositol-5-phosphate 4-kinase type 2 α gene (BMI1-PIP4K2A) (27-31)-Hispanics have been reported to have higher genetic susceptibility than other racial/ethnic groups. Xu et al. (32) reported 10 ARID5B single-nucleotide polymorphisms to be significantly associated with ALL risk in both NH whites and Hispanics, and the frequencies of the risk alleles of these polymorphisms were consistently higher in Hispanics than in NH whites; in another study, Papaemmanuil et al. (30) found that the frequency of an ALL-risk-elevating allele of rs7088318 in PIP4K2A to be highest among Hispanics, followed by NH whites, and lowest in NH blacks. Race/ethnicity in these 2 studies was based on genetic profiles (rather than self-reports as in our study) derived from a STRUCTURE (33, 34) analysis of single-nucleotide polymorphism data: NH whites were defined as those with more than 95% European genetic ancestry; NH blacks were defined as those with more than 70% African ancestry; and Hispanics were defined as those in whom the prevalence of Native American ancestry was more than 10% and greater than African ancestry. In addition, a more recent study suggested that carrying the A/A genotype of the killer cell immunoglobulin-like receptor gene (KIR) contributed to the risk of childhood ALL, particularly in Hispanics (race/ ethnicity in that study was based on birth certificates) (35) .
It is possible that for Hispanics who have higher genetic predispositions, the high-SEP-associated early component may not play a critical role, but the low-SEP-associated later component may be more important, resulting in the observed negative association between SEP and risk of ALL. This is consistent with the larger magnitude of the negative SEP-risk association observed among Hispanics of older ages in the current study, and also what the infective lymphoid recovery hypothesis implies-that is, that recurrent infections over time lead to cumulatively degraded stress responses and higher homeostatic cytokine levels, which promote the malignancy.
ALL diagnosed among infants is usually a very distinct subtype, with about 80% of the cases involving rearrangement of the myeloid/lymphoid or mixed-lineage leukemia gene (MLLT3) (36) . Maternal infections during pregnancy, maternal exposure to topoisomerase II inhibitors, and exposure to other carcinogenesis have been investigated as potential causal factors (37, 38) . Small numbers of infant ALL cases in the current study also limited investigation of the SEP-ALL association in this age group.
Potential limitations in the SEP measure used in this study should be considered. First, although census tracts are relatively homogenous, area-level SEP does not represent individual-level SEP; however, area-level SEP captures information on neighborhood social and economic conditions, which also influence an individual's health susceptibility.
Second, the composite SEP index combines several aspects of SEP, including proportion working-class, unemployment, poverty, income, education, and housing, which individually might have different relationships with risk of ALL (10, 39) ; but information on specific SEP measures is not publicly available in SEER data, for confidentiality reasons. Third, the SEP index was assigned to cases based on their census tract of residence at the time of diagnosis, using census information from the year 2000. Changes in SEP over the period 2000-2010 could not be captured, and SEP at the time of birth, which may be critical for disease susceptibility, could not be examined. Nevertheless, those limitations should apply to all racial/ethnic groups; therefore, the observed ethnic difference in the relationship between SEP and ALL is unlikely to be artificial.
Some other limitations should also be considered. First, there may have been some misclassification of race/ethnicity. SEER racial/ethnic classifications have been reported to have excellent agreement with self-reported racial classification, except for AIANs (40) . Second, there may have been underdiagnosis or underreporting of ALL cases, although population-based cancer registry data were used. The degree of underdiagnosis or underreporting may have been differential by race/ethnicity and/or SEP. Third, we may have overestimated ALL incidence among Hispanics due to underreporting by the Hispanic population: Some illegal Hispanic immigrants are not documented, but they will seek medical care when their children develop ALL (41). Last but not least, because the etiologies of B-cell ALL and T-cell ALL may differ, examining associations of SEP with specific subtypes of ALL could provide better information for etiological investigation. However, information regarding immunophenotypes in SEER data is limited.
In conclusion, in future studies, investigators should confirm the observed racial and ethnic differences in the relationship between SEP and risk of childhood ALL and should examine the underlying reasons for these differences.
